Additional index words. Ipomoea batatas, storage root initiation, anomalous cambium, lateral roots Abstract. A scanner-based minirhizotron (MR) system detected initial adventitious root (AR) development associated with transplant establishment. The system also documented the transition of ARs into pencil roots (PRs) and, in some cases, storage roots (SRs). In general, the MR system underestimated destructive sampling-based (DS) estimates of newly initiated AR (NAR), PR, and SR counts. Angled or vertical single sampling tubes underestimated NAR count by 85% and 79%, respectively. Regardless of installation position, single tube-based measurements underestimated PR and SR count by 83% and 95%, respectively. However, it was found that two vertically installed tubes underestimated NAR count by only 48%. The potential ability of paired sampling tubes to discriminate NAR count differences in response to experimental treatments was confirmed in a simple rain shelter experiment. The paired MR and DS systems detected 83% and 56% reduction in NAR count among plots with rain shelters, respectively. However, it appeared that the presence of tubes interfered with SR formation of monitored AR segments. Despite this limitation, the results show the potential for incorporating MR systems in ongoing and future studies that aim to qualitatively and quantitatively document sweetpotato AR system response to agroclimatic variables and management interventions during the initial SR bulking stage.
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Root growth and architecture are important factors that influence plant performance and survival yet are frequently overlooked in horticultural research (Wright and Wright, 2004) . Root architecture has previously been defined as referring to the spatial configuration of the root system, i.e., the explicit geometric deployment of root axes (Lynch, 1995) . In sweetpotatoes, the initial AR growth and development after planting are intimately associated with eventual SR yield (Togari, 1950; Villordon et al., 2009a; Wilson and Lowe, 1973) . We have previously documented that ARs extant at 5 d after transplanting (DAT) comprised 86% of SRs sampled at 65 DAT (Villordon et al., 2009a) . Togari (1950) specifically referred to the period 25 DAT as the ''initial tuberous-root bulking stage'' wherein the ratio of initiated SRs and lignified ARs determined eventual SR yield. During this stage, ARs undergo secondary or anomalous cambium growth that signals successful transition into SRs. During the later phase of this period, the root system will be comprised of initiated SRs, PRs (uniformly thickened ARs with primary cambium activity but without secondary cambium activity resulting from a lignified stele), and newly initiated ARs. Togari (1950) provided evidence that agroclimatic and management variables within 20 DAT directly influenced cambium activity that in turn determined final SR yield. Thus, the window between transplant establishment and initial SR bulking or expansion represents an important period for identifying variables that could potentially limit sweetpotato SR yield potential. Eguchi (2000) described an enclosed system for non-destructively studying SR development using a hydroponic growth medium. The system measured SR diameter with a laser micrometer that was connected to a computer controller. Although this approach enabled time course measurements of SR response to experimental treatments, measurements were limited to pre-selected initiated SRs. Destructive sampling has been routinely used in field (Lowe and Wilson, 1974) and pot experiments (Villordon et al., 2009a (Villordon et al., , 2009b . In other plant species, non-disruptive methods incorporating rhizotrons and minirhizotrons are routinely used as supplementary or standalone systems to study root growth and architecture. Rhizotrons are typically expensive to construct and operate (Taylor et al., 1990) ; hence, minirhizotrons have become an alternative method of studying root systems in situ. Minirhizotrons involve installing a clear tube in the soil and lowering an imaging device into the tube to observe roots. A minirhizotron system has been defined by Brown and Upchurch (1987) as a ''multicomponent assembly that visually or photographically records normally inaccessible plant roots growing within the soil.'' The minirhizotrons are typically installed vertically, horizontally, or at angle 30°to 45°from the vertical to prevent roots from following the tube for long distances (Taylor et al., 1990) . The devices used to document root development have included ''periscope''-type devices, endoscopes, boroscopes, fiberoptics, fiberoptics with cameras, illuminated mirrors, and miniature video cameras (Johnson et al., 2001) . Recently, a scanner-based method for capturing root data in minirhizotrons has become available. Scanners have previously been used for rhizotron ''windows'' (Dong et al., 2003; Pan et al., 1998) . This scanner-based minirhizotron system has been used in describing drought effects on fine root response of European beech (Facus sylvatica) (Meier and Leuschner, 2008) , quantifying root biomass in peashrub (Caragana korshinskii) (Zhang et al., 2009) , documenting fine root dynamics of a rainforest transect (Graefe et al., 2008) , quantifying fine root response to below-ground carbon fluxes in two cottonwood species (Populus angustifolia and P. fremontii) (Fischer et al., 2007) , and calculating the correlation between high tannin leaves and root number in Populus (Fischer et al., 2006) .
There are virtually no published data for the use of a rhizotron, minirhizotron, or similar systems in quantifying sweetpotato AR development response to experimental treatments during the initial SR bulking stage. The overall objective of this study was to determine the usefulness of a scanner-based minirhizotron system in monitoring AR development and architecture during the initial SR bulking stage under uniform management conditions for experimental fields in Chase, LA. The first phase of this work involved determining the appropriate position and number of sampling or access tubes for the experimental conditions used in the study. The second phase investigated the discriminating capability of minirhizotrons in measuring AR response to soil moisture variability in a simple rain shelter experiment.
Materials and Methods
Growing conditions and treatments. All field experiments were carried out from 27 Aug. 2009 to 2 Oct. 2009 and 8 June 2010 to 14 July 2010 in well-drained research fields in Chase, LA (long. 32°6# N, lat. 91°42# W). The soil taxonomic class of the experimental site was fine-silty, mixed, active, thermic Typic Glossaqualfs. The bulk density at the 7-cm and 30-cm depths was 1.1 gÁcm -3 and 1.5 gÁcm -3 , respectively. For this location, SRs are not typically found below 30 cm. Research plots were prepared by disk cultivating fields followed by broadcast application of chlorpyrifos insecticide (2.2 kg a.i./ ha). A second disking operation was performed and then rows were formed on 1-m centers. Plots were fertilized with 25 kgÁha ), was performed immediately before planting. To reduce variability associated with planting operations, especially in transplant selection and depth of setting, only one person performed selection and setting of transplants in both years. Transplants were obtained from virus-tested 'Beauregard' G1 seed beds and were manually set within 1 d of cutting. In 2009, plots were 3 m long (in-row spacing between plants = 30 cm); in 2010, plots were 1.5 m long (in-row spacing between plants = 30 cm). In both years, additional plots (minimum of four replications) were established for destructive sampling to verify transplant establishment (3 to 7 DAT) and initial SR bulking (28 to 35 DAT). We have previously defined transplant establishment as the detection of at least one AR in at least 50% of transplants from a sample (Villordon et al., 2009b) . We have also defined initiated SRs at 28 to 35 DAT as any pigmented AR with localized swelling 0.5 cm or greater at the widest point (Villordon et al., 2009b) . The timing of sampling for the specific stages has previously been calibrated for this location based on soil moisture regimes and growing degree-days (Villordon et al., 2009b) . In 2009, each transplant was watered with %177 mL water. In 2010, some plots were subjected to portable rain shelter treatments and were not watered in at planting. The treatments in the 2010 experiment were arranged in a randomized block design. For each monitored plot, the fifth and third hills were selected for MR monitoring in 2009 and 2010, respectively. Soil moisture monitoring at two depths (5 and 15 cm) was performed by vertically installed soil moisture sensors (Model 5TE; Decagon Devices Inc., Pullman, WA) linked to automated data loggers (EM50; Decagon Devices Inc.). In situ soil moisture measurements were augmented by a portable device, HydroSense Soil Water Content Management System (CS-620, 20-cm probe, inserted vertically; Campbell Scientific, Inc., Logan, UT). All soil moisture measurement methods were calibrated gravimetrically. In both years, if a rainfall event did not occur within 1 d of planting, overhead irrigation was applied using a traveling irrigation sprinkler. Subsequently, supplemental irrigation was applied when soil moisture approached 8% to 10% volumetric water content (VWC) at the 15-cm depth. In 2010, portable rain shelters were installed in designated plots during irrigation or a rainfall event. For the soil series used in the studies, it was previously determined that field capacity was at 32% VWC (± 3%). In 2009, two to three nodes were covered; in 2010, further transplant selection and setting were performed to enable covering of only two nodes. Clear sampling tubes (36 cm length; 6.2 cm internal diameter) were installed with the aid of a post hole digger. The tubes were installed first and then transplants were set %2.5 cm from the base of the MRs. In addition to the removable plastic cap, thick cardboard was taped around the protruding sides of the tubes to prevent light transmittance. In 2009, tube positions included vertical (one or two tubes) and angled (one tube positioned %45°from the vertical). For the paired vertical tube placement, the MRs were placed on opposite sides of the transplant along the row. For angled tubes, transplants were set to align with the length the tube. Each MR sampling method was replicated seven times (one monitored transplant in each replicate plot). In 2010, two tubes were installed vertically per monitored transplant using the procedure described previously for paired tubes. There were five replications (one monitored plant in each replicate plot) for plots that received the rain shelter treatment and four replications for control plots (no rain shelter). Plots were manually harvested in both years. To reduce damage to roots during destructive sampling, a shovel was inserted vertically %15 to 20 cm from the base of a hill, pushed at an angle (%45°), gently rocked up and down, and carefully lifted and pulled back to recover the soil mass around the AR system.
Measurements. We based our AR classification scheme on previous work by Lowe and Wilson (1974) and Togari (1950) . At harvest (36 DAT), ARs were classified as NARs, PRs, and SRs. Togari (1950) described NARs as ''young'' and non-pigmented. PRs were pigmented ARs that were uniformly thickened and were not capable of becoming SRs (Togari, 1950; Wilson and Lowe, 1973) . SRs were pigmented ARs with localized swelling (0.5 cm or greater). We followed the characterization of pigmentation (cream, pink, or red) as described by Lowe and Wilson (1974) . The main difference between PR and SR was the presence of secondary or anomalous cambium activity (Togari, 1950; Wilson and Lowe, 1973) resulting in localized swelling and subsequent SR expansion in the latter. Only root segments (non-pigmented) with visible firstorder lateral root growth were scored as NARs.
Minirhizotron-based measurements were made with the CI-600 root growth monitoring system (CID Bio-Science, Camas, WA). In 2009, daily scans were made until transplant establishment (detection of AR). AR presence was confirmed through sequential destructive sampling (minimum of five plants per day; 3 to 7 DAT). Subsequently, scans were made every 7 d thereafter until detection of initial SR bulking as confirmed by destructive sampling (minimum of five plants per day; 28 to 35 DAT). In 2010, daily scans were made after planting until detection of presumptive AR (confirmed through destructive sampling of a minimum of five plants per day, 28 to 35 DAT). Thereafter, daily scans were made to track AR development of monitored segments until no observable changes were detected, e.g., changes in length or lateral growth events (up to 15 DAT). Subsequently, daily scans were made every 3 to 5 d until first detection of SR bulking as confirmed by destructive sampling. All images were scanned using the default software settings that included turning off the auto brightness and contrast. These settings helped in standardizing the color intensity of images (Dong et al., 2003) . All images were scanned at %78 dots/cm. Scanned images were manually interpreted based on the AR classification scheme defined previously. In 2009, destructive sampling-based AR counts were combined for all nodes and the cut end of the transplant. In 2010, destructive sampling-based AR counts were collected for each node (proximal and distal node relative to the soil surface) and the cut end. Statistical analyses were performed on square root-transformed root count values with significant differences inferred at P < 0.05. All statistical analyses were performed using SAS (Version 9.2; SAS Institute, Cary, NC).
Results and Discussion
Adventitious root growth dynamics after planting. In both years, destructive sampling showed that ARs at least 1 cm long were present in at least 50% of all transplants at 5 DAT (data not shown). We have previously called the transplant establishment stage SR1 (Villordon et al., 2009b) . This presumptive phenological stage corresponds to Togari's (1950) ''sub-stage VII'' in the early ''tuberous root thickening stage,'' characterized by completion of the primary cambium layer. However, it was not until after 7 DAT that ARs were first detected in at least 50% of transplants subjected to scanner-based MR analysis (Fig. 1A) . Once ARs were initiated, growth of monitored root segments occurred at a relatively rapid rate within the first 10 DAT. For example, the length of a monitored AR segment doubled within a period of 24 h (7 to 8 DAT) (Fig. 1B) , and first-order lateral root development was distinct at 9 DAT for this monitored segment (Fig. 1C) . These observations were consistent in four of 12 monitored AR segments (data not shown). This monitored segment eventually became a PR at 36 DAT (Fig. 1D) . Although we did not routinely detect SR formation using MR, we were able to document progression of SR formation in a monitored AR segment between 22 DAT (Fig. 1E ) and 36 DAT (Fig. 1F ). Figure 1E also shows overlapping first-order lateral roots (marked with ''x'') in the monitored area. This capability to monitor AR growth and development in situ demonstrates the capability of MRs to generate qualitative evidence that is not possible using conventional destructive sampling methods. This also represents ''one of the greatest strength of minirhizotrons, i.e., the ability to monitor specific root segments at frequent time intervals'' (Johnson et al., 2001 ). The MR-based documentation of AR growth dynamics corroborated Togari's (1950) destructive sampling-based observations, i.e., AR length more than doubled every 5 d during the 5-to 15-DAT period for the given experimental conditions. Previous studies on AR development and SR initiation (Lowe and Wilson, 1974; Togari, 1950; Villordon et al., 2009a Villordon et al., , 2009b Wilson and Lowe, 1973) did not address the role of lateral roots in SR development. However, Clark and Matthews (1987) documented the role of lateral roots as entry points for soil rot disease caused by Streptomyces ipomoea. This disease typically results in abnormal SR shape and growth. Thus, current available evidence suggests that a healthy lateral root system is necessary for normal SR development, assuming all other growth-related variables are not limiting. The detection of lateral root development at 9 DAT by the MR system further suggests the potential of such system to enhance the understanding of variables that negatively affect AR development during the early phase of the SR bulking stage. To our knowledge, these observations represent the first MR-based documentation of in situ sweetpotato AR growth dynamics.
Relationship among destructive sampling and minirhizotron-based adventitious root counts. In general, MR-based estimates of NARs, PRs, and SRs underestimated actual counts as determined by destructive sampling (Table 1) . Single vertically installed tubes underestimated NAR, PR, and SR count by 79%, 83%, and 95%, respectively. Angled vertical tubes underestimated NAR, PR, and SR count by 85%, 83%, and 95%, respectively. These observations were consistent with past observations that MR-based root studies generally sampled a relatively small portion of the total root system (Bragg et al., 1983; Yao et al., 2009 ). However, it was found that two vertically installed tubes underestimated NAR count by only 48%. Although past reports have indicated that increasing the number of MRs can reduce the sampling variance (Rygiewicz et al., 1997) , this number has to be optimized for tube placement angle and the species under consideration (Johnson et al., 2001) . For example, it has been documented in spring oat (Avena sativa) that angled MRs decreased the sampling variance because roots that contacted the angled tubes were observed to grow around and then away from the lower face, whereas roots were channeled down the tubesoil interface of vertically installed MRs (Bragg et al., 1983) . However, because ARs were initiated along multiple nodes of the main axis of the sweetpotato transplant, the paired vertical placement appeared more optimal given the experimental conditions. In particular, the tube length that we used likely limited the data collection potential of angled tubes. Despite the potential of an MR system to characterize and monitor sweetpotato AR development in situ, there are limitations on relying solely on this method. For example, it appeared that the presence of sampling tubes interfered with SR initiation. This was in part likely the result of the interference with the spatial configuration of AR architecture. For example, the overlapping lateral roots in Figure 1E would likely have assumed a different spatial configuration if the tube was absent. Green et al. (2005) used the concept of ''interlateral root competition'' in describing the reduction of soil volume exploited by developing Mediterranean shrub (Pistacia lentiscus) roots with shortened internode lengths. Table 1 . Counts of newly initiated adventitious roots, pencil roots, and storage roots during the initial storage root bulking stage as determined using destructive sampling and scanner-based minirhizotron system in sweetpotatoes grown in Chase, LA. Despite this limitation, preliminary quantitative data from the current work demonstrate the potential usefulness of incorporating MRbased measurements in ongoing or future sweetpotato research, especially in studies that could lead to enhanced understanding of the possible mitigating role of AR system architecture on the relationship between planting density and potential sweetpotato yield. In addition, there is the potential to document the possible interactive effects of planting density and soil moisture regimes. To our knowledge, such information is not currently available for this globally important crop species.
Minirhizotron-based measurement of adventitious root development response to rain shelter treatments. Both destructive sampling and MR methods detected differences in NAR counts between plots subjected to rain shelter treatments (Table 2) . Destructive sampling revealed 56%, 26%, and 33% differences in total NAR, PR, and SR counts, respectively. This method also detected NAR count differences among the individual nodes, i.e., proximal and distal nodes. The MR-based system detected an 83% difference in NAR count between experimental treatments. In general, the MRbased system underestimated NAR, PR, and SR counts relative to the destructive samplingbased total counts. Previous work on quantifying sweetpotato transplant response using destructive sampling-based AR counts included such experimental treatments as virus presence (Kano and Nagata, 1999) , cultivar effects (Wilson and Lowe, 1973) , and multiple variables, including soil moisture and fertilizer rates (Togari, 1950) . As a result of the limitations of the current study that included variable internode lengths and fixed scanning depth, we were unable to use MR-based measurements to discriminate differences in NAR, PR, and SR count based on node location. Our work suggests that the number of nodes need to be standardized to improve the analytical capability of MR-based studies in sweetpotatoes. Despite these limitations, our preliminary results demonstrate the potential use of this system in providing unique information regarding the relationship between experimental treatments and AR development during the initial SR bulking period, especially as it relates to irrigation studies. In this case, the MR-based system was able to document differential NAR count in response to rain shelter treatments. During the study, the soil moisture at the 5-cm depth was consistently below 10% volumetric water content in plots with rain shelters, whereas soil temperatures were consistently above 30°C (data not shown). We have previously shown that under these conditions, SRs were generally set at the lower nodes (Villordon et al., 2010) . Togari (1950) provided evidence that AR number was related to final SR yield under certain experimental conditions. Thus, the reliable use of an MR system for studying sweetpotato AR development responses will in part depend on preliminary calibration studies for the experimental site and management regime. Such calibration studies may include evaluating the use of multiple tube orientations (vertical and angled), using longer tubes (where applicable), and obtaining scans at various depths. In addition, it is also necessary to test and calibrate the applicability of computer software to routinely perform digital image analysis of scanned sweetpotato AR images. Digital image analysis permits some automation of scanned data and reduces the resources required for manual image analysis, especially if there are is a large number of images to be analyzed. Best practices for the installation and stabilization of MRs have been described elsewhere (Johnson et al., 2001) .
Conclusion
A MR system demonstrated the potential for in situ monitoring of qualitative aspects of early AR growth dynamics and for further understanding the role of AR architecture in the early storage root bulking stage. There is also the potential to use this system to quantitatively discriminate among experimental outcomes in field-based studies, e.g., the influence of various soil moisture regimes on AR development. Such studies are possible assuming that calibration work has been done for location-specific field and management variables. This calibration work is important in determining the degree of variance between a MR system and destructive sampling. Knowledge of this variance is an important prerequisite in determining the applicability of a MR system as a standalone method or as a supplement to destructive sampling. In our studies, the MR system significantly underestimated all AR-related states that were measured. Furthermore, the presence of sampling tubes appeared to reduce SR formation of monitored AR segments. These represent important considerations for the use of MR systems in quantifying the effects of experimental treatments on sweetpotato AR development during the initial storage root bulking stage. Table 2 . Counts of newly initiated adventitious roots, pencil roots, and storage roots during the initial storage root bulking stage determined using destructive sampling and scanner-based minirhizotron system in sweetpotatoes grown with or without rain-out shelters in Chase, LA. y DS = destructive sampling. DS represents mean of four replicates. N = node location, 1 (proximal) or 2 (distal), relative to soil surface. CE = cut end. Total = total count (N1 + N2 + CE). MR = minirhizotron-based sampling. Number of replicates for MR sampling = 5; number of sampled plants per replicate plot = 1. x NAR = newly initiated adventitious root, non-pigmented (white or pale white); PR = pencil root, pigmented (orange, pink, or reddish) adventitious roots with no visible localized swelling; SR = storage root, pigmented adventitious roots with visible localized swelling.
